Abstract On the male X and female active X chromosome (Xa), the macrosatellite repeat (MSR) DXZ4 is packaged into constitutive heterochromatin characterized by CpG methylation and histone H3 trimethylated at lysine-9 (H3K9me3). In contrast, DXZ4 on the female inactive X chromosome (Xi), is packaged into euchromatin, is bound by the architectural protein CCCTC-binding factor, and mediates Xi-specific longrange cis contact with similarly packaged tandem repeats on the Xi. In cancer, male DXZ4 can inappropriately revert to a Xi-like state and other MSRs have been reported to adopt alternate chromatin configurations in response to disease. Given this plasticity, we sought to identify factors that might control heterochromatin at DXZ4. In human embryonic stem cells, we found low levels of 5-hydroxymethylcytosine at DXZ4 and that this mark is lost upon differentiation as H3K9me3 is acquired. We identified two previously undescribed DXZ4 associated noncoding transcripts (DANT1 and DANT2) that are transcribed toward DXZ4 from promoters flanking the array. Each generates transcript isoforms that traverse the MSR. However, upon differentiation, enhancer of Zeste-2 silences DANT1, and DANT2 transcription terminates prior to entering DXZ4. These data support a model wherein DANT1 and/or DANT2 may function to regulate constitutive heterochromatin formation at this MSR.
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Introduction
Macrosatellite repeat (MSR) DNAs are among the largest tandem repeats in our genome. Each MSR is unique to one or two chromosomal locations, such as the ZAVarray at chromosome 9q32 (Tremblay et al. 2010) , or the RS447 array at chromosome 4p16.1 and 8p23 (Okada et al. 2002) , and consist of a variable number of large (1-12 kilobase (kb)) repeat units that share greater than 90 % inter-repeat unit sequence identity (Schaap et al. 2013; Tremblay et al. 2010; Warburton et al. 2008) . The function of MSRs is unclear, although at least one has been shown to compensate for centromere loss and function as a neocentromere (Hasson et al. 2011) . Some MSRs contain an open reading frame (ORF) in each repeat unit and their transcription is normally restricted to the testis, but this regulation is frequently lost in cancer resulting in their reactivation, earning them the name of cancer-testis loci (Cheng et al. 2011) . Presumably, their multicopy arrangement reflects a need for a large amount of gene product in the testis. Of the MSRs with coding potential, the best characterized is D4Z4 due to its central role in the onset of the common neuromuscular disorder facioscapulohumeral muscular dystrophy (FSHD) (Wijmenga et al. 1992) . D4Z4 is found at 4q35 (van Deutekom et al. 1993 ) and 10q26 (Deidda et al. 1995) , and in approximately 95 % of FSHD cases, a 4q35 allele with fewer than ten repeat units on a specific genetic background (Lemmers et al. 2002) results in the inappropriate expression and translation of the ORF in skeletal muscle (Lemmers et al. 2010) , activating various germline and innate immunity genes that inhibit muscle differentiation (Geng et al. 2012 ).
Other MSRs show no obvious coding potential, yet are universally expressed (Chadwick 2008; Tremblay et al. 2010) . Retention of these repeats in our genome suggests that they likely fulfill some purpose outside of simply coding for proteins. Among this group, the Xlinked MSR DXZ4 is particularly unusual due to its location on a sex chromosome. DXZ4 is unique to Xq23 and consists of a GC-rich tandem repeat of between 12 and 120 uninterrupted 3-kb repeat units (Fig. 1a ) (Giacalone et al. 1992; Schaap et al. 2013; Tremblay et al. 2011) . Males are hemizygous for DXZ4 whereas in females, DXZ4 is exposed to the effects of X chromosome inactivation (XCI). XCI is a female-specific phenomena whereby early in development, one of the two X chromosomes is largely rendered transcriptionally inert in order to balance X-linked gene dosage with males (Lyon 2002) . A central player in this process is the long noncoding RNA (lncRNA) X-inactive specific transcript (XIST), which is expressed exclusively from the chosen inactive X chromosome (Xi) and associates with the chromosome territory in cis (Brockdorff et al. 1992; Brown et al. 1992) . XIST triggers a cascade of events that ultimately result in the repackaging of the Xi DNA into facultative heterochromatin, an arrangement that is faithfully maintained throughout all subsequent somatic cell divisions (Chadwick and Willard 2003a) . In males and on the female active X chromosome (Xa), DXZ4 is packaged into constitutive heterochromatin characterized by CpG methylation, histone H3 tri-methylated at lysine 9 (H3K9me3), and association of heterochromatin protein 1 (Chadwick 2008; Giacalone et al. 1992; Zeng et al. 2009 ). In contrast, DXZ4 on the Xi is organized into a euchromatic configuration characterized by CpG hypomethylation, histone acetylation, and histone H3 di-methylated at lysine 4 (H3K4me2) (Chadwick 2008; Giacalone et al. 1992) . Additionally, the architectural protein CCCTC-binding factor (CTCF) (Lobanenkov et al. 1990 ) specifically associates with DXZ4 on the Xi (Chadwick 2008; Chadwick and Willard 2003b) , an interaction that is conserved in primates (McLaughlin and Chadwick 2011) and mouse (Horakova et al. 2012a; Yang et al. 2015) . Intriguingly, in contrast to the surrounding heterochromatic chromosome, several other large tandem repeat DNA on the Xi are packaged into euchromatin, are bound by CTCF, and make frequent Xi-specific long-range contact with DXZ4 (Horakova et al. 2012b ); as such, these Xlinked tandem repeats may contribute to the alternate three-dimensional configuration of the Xi relative to that of the Xa (Teller et al. 2011) . Further evidence to support an important role for these MSRs on the Xi comes from functional analysis of the mouse homologue of one include simple repeats (SR), the CTCF binding site and the internal promoter. The region assessed by bisulfite sequencing (BiS) analysis is expanded immediately below, and vertical lines indicate the locations of all 36 CpG residues. The BiS profiles for male somatic fibroblasts (1139; SOM 46,XY), and male hESCs (H1; hESC 46,XY) are shown immediately below. The black (methylated) and white (unmethylated) circles indicate methylation status, while each horizontal row is the BiS profile from a single clone. A sequence that has diverged and is no longer a CpG is indicated by a dash. c Schematic DXZ4 monomer showing the location of primer sets used for qChIP: I (F6.R20), II (F23.R14), III (F17.R8), IV (F11.R22), and V (F4.R19). d qChIP data for H3K4me2 (left) and H3K9me3 (right) at DXZ4 for male (46,XY) and female (46,XX) somatic cells, and male hESCs (hESC 46,XY). Each dataset is graphed as a percent of input. Error bars indicate standard deviation from the mean of triplicate qPCR reactions from two or more replicate ChIP experiments. e DXZ4 schematic indicating the location of the CpG that is part of a HpaII/MspI recognition site and the location of primers used for qRT-PCR. f Graphs showing the quantitation of percent 5-hmC, 5-mC, and C at the HpaII/MspI site. Female samples (46,XX) are shown on the left and include H9 (hESC) and IMR90 (SOM), whereas male samples (46,XY) are indicated on the right and include H1 (hESC) and 1140 (SOM). Data shown is from three independent biological replicates. g Quantitation of percent 5-hmC, 5-mC, and C at the HpaII/MspI site in female H9 (left) and male H1 (right) EBOG. h Graphs showing qChIP data as in part-(D) above, but for EBOG derived from male hESC (EBOG 46, XY) of the MSRs that makes Xi-specific contact with DXZ4 in humans (Horakova et al. 2012b; Rao et al. 2014 ). Yang and colleagues demonstrated that the lncRNA transcribed from the Firre locus (Hacisuleyman et al. 2014 ) is required for maintenance of histone H3 trimethylated at lysine 27 (H3K27me3) and subnuclear localization of the Xi (Yang et al. 2015) .
This unusual epigenetic regulation of MSR chromatin states is not unique to DXZ4, as a shift toward a more euchromatic organization and binding by CTCF is also observed at D4Z4 in the context of FSHD (Ottaviani et al. 2009; van Overveld et al. 2003; Zeng et al. 2009 ). Furthermore, in some male cancers, DXZ4 can also revert to a Xi-like chromatin configuration (Moseley et al. 2012) . These data suggest that in somatic cells, MSR are normally arranged into a constitutive heterochromatin state, but that a triggering event such as cellular transformation or repeat copy number contraction can compromise this programming, resulting in the potential for an inappropriate gain of function.
Interestingly, despite displaying features of constitutive heterochromatin, male DXZ4 and the female Xa allele are actively transcribed into lncRNAs (Chadwick 2008; Tremblay et al. 2011) . What the purpose of the lncRNA is and if it has a role in maintaining the chromatin state of the MSR is unknown, although novel small RNA species originating from DXZ4 (Chadwick 2008 ) may mediate Argonaute-dependent DNA methylation at the tandem repeat (Pohlers et al. 2014) . Nevertheless, at D4Z4, a lncRNA has been implicated in facilitating the switch toward a more euchromatic organization for the MSR in FSHD (Cabianca et al. 2012) . Therefore, consistent with their role in developmentally regulating chromatin states (Gendrel and Heard 2014) , lncRNAs are suitable candidates for directing MSR chromatin packaging.
To date, the chromatin state of DXZ4 has only been examined in somatic and transformed cells. Therefore, we sought to determine the chromatin arrangement of DXZ4 in human embryonic stem cells (hESCs). Given the innate issues relating to XCI status in female hESCs and the compromised organization of the Xi (Lessing et al. 2013; Minkovsky et al. 2012) , we focused primarily on the male X to explore the constitutive heterochromatin arrangement at this allele that closely resembles the organization of MSRs on the autosomes. Here, we report that DXZ4 resides in an alternate chromatin state in hESCs, that adoption of a constitutive heterochromatin organization for the MSR is developmentally regulated, and that the chromatin alteration is coupled to changes in expression of two DXZ4 associated novel lncRNAs. 46, XX) and 46, XX) . Fetal human dermal fibroblasts were obtained from ScienCell Research Laboratories (catalog number 2300). All cells were maintained according to the supplier recommendations.
Materials and methods

Novel
Immunofluorescence
Immunofluorescence was performed on cells grown directly on slides as previously described (Chadwick and Willard 2002 Epimark assay and bisulfite/oxidative bisulfite sequencing Genomic DNA was isolated using the Qiagen Tissue Midiprep Kit (Qiagen, Valencia, CA, USA). Oxidation of 5-hydroxymethycytosine was performed as described by Booth et al. (2012) , with exceptions. Briefly, both the control and oxidized samples were treated in parallel by denaturing with 5 mM NaOH, incubation on ice during oxidation step, and purified using the Qiagen QIAquick PCR Purification kit including four 600 μl PE washes. Bisulfite modification was subsequently performed on both the control and oxidized samples using the Qiagen EpiTect Bisulfite Kit according to the manufacturer's instructions. PCR amplification of the DXZ4 target region was performed using the oligos listed in Supplementary Table 1. The PCR products were cloned and sequenced as previously described (Moseley et al. 2012) . Additionally, 5-hydoxymethylcytosine frequency at a single CpG was assayed using the NEB Epimark ® 5-hmC and 5-mC Analysis kit (E3317S). The products were analyzed by quantitative PCR (qPCR), on a BioRad CFX96 Real-Time System with a C100 ™ Thermal
Cycler using EvaGreen qPCR Mastermix (Mastermix-S, Applied Biological Materials), using the DXZ4 oligos described in Supplementary Promoter luciferase assay DNA fragments upstream of DANT1 and DANT2 exon-1 were generated by PCR using the Qiagen Hotstar Taq Plus and cloned into pDrive (Qiagen). Primers used can be found in Supplementary Table 1 . The inserts were sequence verified, subcloned into pGL4.10, transfected, and assayed for luciferase activity as previously described (Horakova et al. 2012b) . A pGL4.10 promoterless construct was used to normalize the expression between 293T and H9 while pGL3 was used as a positive control.
RNA FISH
RNA FISH was performed on cells grown directly on slides as described above. Spectrum Orange and Spectrum Green direct-labeled probes were prepared by nick translation according to manufacturer's instructions (Abbott Molecular). Labeled probes were ethanol precipitated with 25 μg of human Cot-1 DNA (Invitrogen) and resuspended in 100 μl of Hybrisol VII (MP Biomedicals). The probes included two BAC clones 2272M5 (DXZ4 repeat) and RP11-761E20 (DANT2) that were obtained from Invitrogen and an XIST plasmid pX1644 (Chadwick and Willard 2002) . A DANT1 FISH probe was generated using the genomic sequence spanning the region defined by the oligos CD173052-F and CD173052-R. The corresponding fragment was PCR-amplified and TA-cloned into pDrive (Qiagen) before sequence verification. Cells were fixed and extracted for 10 min at room temperature in 1× phosphate-buffered saline (PBS) containing 3.7 % formaldehyde and 0.1 % Triton X-100. Slides were then washed for 2 min each in 1× PBS before dehydrating for 2 min each in 70, 80, and 100 % ethanol. Slides were then air-dried. Probes were denatured for 10 min at 72°C and transferred to 37°C for 1 h to block repeats before applying to the slide. Probe mixtures were sealed under coverglass using rubber cement. Hybridization was performed in a humidified chamber at 37°C for 16 h. RNA FISH was washed twice at room temperature for 2 min each in 50 % formamide with 2× salinesodium citrate (SSC), followed by one wash of 3 min in 37°C 50 % formamide 2× SSC and finally 3 min in 37°C 2× SSC. DNA was counterstained as described above. Imaging was performed, deconvolved, and compiled as described above. Controls were included to show the RNA-specific nature of the RNA FISH and to demonstrate that the treatment was specific to RNA. Cells on three additional slides were fixed and dehydrated as above. However, before application of the FISH probe, two slides were incubated at 37°C for 1 h with 100 μl of PBS supplemented with 7 units of RNaseA (Qiagen) before washing three times for 2 min each with PBS before dehydration. For one RNaseAtreated slide, RNA FISH was performed as above. For the remaining RNaseA-treated and nontreated slide, DNA FISH was performed by denaturing the samples at 83°C for 10 min in 70 % formamide, 2× SSC before dehydrating for 2 min each in 70 and 100 % ethanol. Denatured probes were applied to dried slides and incubated overnight at 37°C in a humidified chamber. RNA FISH was washed as above, while DNA FISH was washed by first incubating slides for 8 min each at 42°C in 50 % formamide 2× SSC, followed by 8 min in 42°C 2× SSC.
Standard and quantitative reverse transcription PCR
Total RNA was isolated and reverse transcribed as previously described (Horakova et al. 2012b ). Standard reverse transcription PCR (RT-PCR) was performed as previously described (Horakova et al. 2012b ) using the oligos listed in Supplementary Table 1 . Human tissue complementary DNA (cDNA) samples were prepared as described previously (Tremblay et al. 2010) .
Quantitative PCR was performed on a Bio-Rad CFX96 Real-Time System with a C100 ™ Thermal
Cycler using EvaGreen qPCR Mastermix (Mastermix-S, Applied Biological Materials), using the oligos in Supplementary ) into 5-20 cell clumps and seeded to three wells of a Corning ™ ultra-low attachment sixwell dish (07-200-601, Fisher Scientific) using StemPro ® media, lacking recombinant human bFGF (PHG0264, Gibco ® ) and 2-mercaptoethanol (βME, 21985, Gibco ® ), supplemented with 10 μM SB431542 (SB, S1067, Selleckchem) [10 μM SB-StemPro ® (-bFGF, -βME)]. EBOG generation was performed essentially as described (Mahmood et al. 2010 ) with modifications described by others (Awaya et al. 2012; Chetty et al. 2013 ). The cells were allowed to differentiate into embryoid bodies (EBs) with media changes on days 3, 6, and 8 using 10 μm SB-StemPro ® (-bFGF, -βME) media. On day 10, the EBs were split 1:3 and seeded to 0.1 % gelatin (G-2500, Sigma)-coated Nunclon ™ sixwell cell culture dish (140675, Thermo Scientific) in chemically defined medium (CDM (Mahmood et al. 2010) ) supplemented with 1 μM SB (1 μM SB-CDM). These were allowed to further differentiate and expand as EB-OGs for over 11 passages, with fresh 1 μM SB-CDM replacement every 2-3 days.
Quantitative chromatin immunoprecipitation (qChIP)
ChIP was performed essentially as previously described (Moseley et al. 2012 
Results
DNA methylation and chromatin of DXZ4 in human embryonic stem cells
Previously, we have shown that CpG residues in the vicinity of the bidirectional promoter and encompassing the CTCF binding site of individual DXZ4 monomers are mostly methylated in male somatic cells (Chadwick 2008) . The status of CpG methylation at DXZ4 in hESCs is unknown. Therefore, we assessed the same interval in male hESCs using bisulfite sequencing (BiS) (Fig. 1b) . We found that similar to male somatic cells (Fig. 1b, left panel) , DXZ4 CpGs are methylated in the male hESCs (Fig. 1c, right panel) . These data suggest that DXZ4 is already arranged into constitutive heterochromatin in pluripotent cells. Therefore, in order to further explore this possibility, we performed ChIP with antibodies to the euchromatin marker H3K4me2 as well as the heterochromatin marker H3K9me3 and assessed DXZ4 for the presence of either chromatin modification by qPCR using primer pairs regularly spaced throughout a single DXZ4 repeat unit (Fig. 1c) . As anticipated, H3K4me2 was a prominent feature of female somatic cells (corresponding to the Xi allele of DXZ4), whereas H3K9me3 was detected at DXZ4 in both male and female somatic cells (Fig. 1d , top panels). However, low levels of H3K4me2 and no H3K9me3 could be detected at DXZ4 in male hESCs (Fig. 1d, bottom panels) .
BiS analysis does not distinguish between 5′-methylcytosine (5-mC) and a similar, but functionally distinct modification 5′-hydoxymethylcytosine (5-hmC) [reviewed in (Cadet and Wagner 2014) ]. Given that in primate and mouse brain, as well as in mouse and human ESCs, 5-hmC is preferentially associated with active chromatin marks at enhancers and promoters (Ficz et al. 2011; Stroud et al. 2011; Szulwach et al. 2011b) [reviewed by Chopra et al. 2014) ] we sought to determine if the DNA methylation detected at DXZ4 in hESCs could reflect the presence of 5-hmC. We quantified the amount of 5-hmC at DXZ4 using two complementary approaches: the EpiMark assay from New England Biolabs and oxidative Bisulfite Sequencing (oxBiS).
The EpiMark assay from New England Biolabs involves first treating the target DNA with T4 β-glucosyltransferase that adds a glucose moiety to 5-hmC, but not 5-mC. The DNA is then subjected to restriction endonuclease digestion with HpaII or its isoschizomer MspI before qPCR across the digest site in order to determine what fraction of the DNA is uncut. HpaII will not cut sites marked by 5-mC or 5-hmC, whereas MspI is insensitive to either modification and will cut the target site. However, MspI is incapable of digesting DNA in which 5-hmC is glucosylated; therefore, template DNA containing this modification will remain uncut and detectable by qPCR. Primers were designed to amplify across a single HpaII/MspI recognition sequence in DXZ4 that could be used to analyze 5-hmC at a single CpG (Fig. 1e) . By this assay, we consistently detected 5-hmC at DXZ4 in both male and female hESCs, but not somatic cells (Fig. 1f) .
The oxBiS assay uses potassium perruthenate to oxidize 5-hmC to 5-formylcytosine, which after bisulfite treatment is converted to uracil along with unmethylated cytosines. When compared to traditional BiS profiles derived from the same sample, that were not first oxidized, it is possible to determine the percent of 5-hmC by subtracting the percent methylation in the oxBiS profile from that detected by BiS. Consistent with the EpiMark assay, oxBiS analysis revealed that 1.5 % (male H1 hESCs) and 2.7 % (female H9 hESCs) of the BiS signal corresponded to 5-hmC at DXZ4, while none was detected in somatic cells (Supplementary Fig. 1a) . Although the percent 5-hmC found at DXZ4 was low, but present in both assays, these levels are consistent with those previously reported at the promoters of various pluripotency markers in hESCs (Szulwach et al. 2011a) .
To determine if 5-hmC at DXZ4 is lost upon differentiation, we repeated the EpiMark assay on DNA extracted from EBOGs derived from the male and female hESCs. Appropriate differentiation was validated by the loss of pluripotency markers and gain of anticip Supplementary Fig. 2 ). Results showed that differentiation into EBOGs was coupled with a loss of 5-hmC (Fig. 1g) . Next, we sought to determine if the differentiation-associated loss of 5-hmC correlated with change to DXZ4 chromatin by repeating the H3K4me2 and H3K9me3 qChIP analysis. We found that differentiation of hESCs into EBOG resulted in gain of H3K9me3 at DXZ4 coupled with a reduction in the already low H3K4me2 levels ( Fig. 1h and Supplementary Fig. 1b) . Therefore, these data indicate that the formation of constitutive heterochromatin at DXZ4 is developmentally regulated. lncRNA expression in the region surrounding DXZ4 Several lncRNAs, including XIST, have been shown to play central roles in developmentally linked chromatin change [reviewed in (Jeon et al. 2012) ]. Therefore, we explored the possibility that developmentally regulated lncRNAs may be associated with DXZ4. DXZ4 is itself transcribed primarily from the Xa and male X in somatic cells through a promoter contained within each repeat unit (Chadwick 2008; Tremblay et al. 2011 ). However, we began by further characterization of the genomic interval around DXZ4 and searched for evidence of any lncRNAs not originating directly from the MSR itself.
Pairwise alignments clearly show the tandem arrangement and location of DXZ4 but also reveal the presence of numerous closely related DXZ4-like sequences located distal and inverted relative to the main DXZ4 array (Fig. 2a) . Examination of annotated spliced expressed sequence tags (ESTs) and messenger RNA (mRNA) in the immediate vicinity surrounding DXZ4 revealed two clusters of spliced ESTs. One cluster originates immediately proximal to DXZ4, and these are transcribed toward the array before terminating within 0.6 kb of the first DXZ4 monomer at the proximal edge ( Fig. 2a, P-EST) . One member of this cluster is derived from hESCs (CD173052), whereas the other two are from a breast tumor (AI024771) and pooled germ cell tumors (AI653207). The second cluster originates approximately 80 kb distal to DXZ4 (Fig. 2a, D-EST) . These ESTs come from male brain (BM925596), an unknown adult source (BX642309), and a rhabdomyosarcoma (BE298956 and BC003645). All four ESTs are transcribed toward DXZ4, but intriguingly, BM925596 traverses the entire DXZ4 array before splicing to an exon <400 bp upstream of the beginning of the proximal cluster (Fig. 2b) , indicating that the two putative transcriptional units overlap and are antisense relative to one another. Pairwise alignment of the DNA sequence encompassing the beginning of the proximal and distal EST clusters reveal that these sequences share extensive inverted sequence identity with one another (Fig. 2c) and likely originate from a common ancestral sequence. Interestingly, there is a noticeable break in the sequence identity of exon 1 in the proximal and distal ESTs, but a conserved pyrimidine-rich simple repeat (SR) sequence (TTTCC) n is located immediately downstream of each exon 1. Each member of the proximal cluster originates close to one another at their 5′ end, as do members of the distal cluster. Therefore, we reasoned that the sequence encompassing and extending upstream of the first exon of each cluster likely possesses promoter activity. The presence of a CpG island (CGI) at exon 1 of the distal cluster supports this notion (Fig. 2b, c) .
In order to test the fragments for promoter activity, the candidate regions were PCR-amplified (Fig. 2b) , TA-cloned, and sequence-verified before subcloning upstream of a promoterless luciferase reporter gene. Both the proximal and the distal promoter-candidate constructs, as well as a control construct consisting of a powerful SV40 promoter and enhancer, were introduced separately into 293T and H9 hESCs before assessing for luciferase activity. As expected, the control construct generated robust luciferase activity at comparable levels in both cell types (Fig. 2d, left graph) . Interestingly, proximal promoter activity was only 2-fold higher than background levels in 293T cells but showed obvious and reproducible activity at 20-fold The black arrows point to the region of inverted homology that is the focus of part-C (described below). Immediately beneath, is indicated (DXZ4) the location of the main DXZ4 array (left-facing white arrows) as well as the DXZ4-related inverted repeats (right-facing grey arrows), followed by the location of repeat classes (repeats), annotated ESTs or mRNAs originating proximal to DXZ4 (P-EST) that are transcribed from left to right, and distal ESTs (D-EST) that are transcribed from right to left. Vertical lines represent exons, and horizontal lines represent introns with chevrons indicating direction of transcription. Each EST or mRNA was extracted from data contained in the Human mRNAs and Spliced ESTs annotations on the UCSC Genome Browser. b Schematic map of the DXZ4 interval, with the region corresponding to the beginning of the proximal and distal ESTs expanded immediately below. Exon-1 of proximal EST CD173052 is shown ("1" containing white-box), as are exons 1 and 2 of BM925596 (gray boxes containing "1" and "2," respectively). The locations of a conserved simple repeat (SR) and a CpG island (CGI) are also shown while the solid black bars indicate the locations of the genomic fragments cloned and used to assess for promoter activity in part-D (described below). The diagonal break corresponds to the genomic DNA between the candidate promoters. c Pairwise alignment of the DNA sequence around exon 1 of the proximal ESTs to exon 1 of the distal ESTs, corresponding to nucleotides 114,955,273-114,958,855 (proximal region, x-axis) and 115,084,395-115,087,382 (distal region, y-axis) of the human X chromosome (hg19). An expansion of the schematic map from B corresponding to the x-and y-axis are beneath and left of the alignment. d Relative promoter activity for the proximal and distal promoter candidate sequences as assessed in hESCs (H9) and 293T cells. Firefly luciferase activity is normalized to that of a constitutively active co-transfected Renilla luciferase construct, and is graphed relative to activity detected from a promoter-less vector. Data shown represents the mean of three separate transfection experiments performed in triplicate and error bars indicate standard deviation. Data for the control sample was derived from a construct containing a strong promoter and enhancer as a positive control DXZ4-associated long noncoding RNAshigher than background in hESCs (Fig. 2d , middle graph), whereas the distal promoter candidate showed activity in both cell types but displayed higher activity in hESCs (Fig. 2d, right graph) . These data confirm the location of promoters for proximal and distal EST clusters and suggest that expression from the proximal promoter is unlikely to be universal.
Next, we sought to further characterize the transcripts associated with these promoters. For the distal promoter, the only exon present consistently in all ESTs is the first. Similarly, the proximal cluster show alternative splicing with the presence or absence of exon 2. Therefore, to assess total expression regardless of differential splice isoforms, we performed qRT-PCR with primers contained entirely within exon 1 of either the proximal EST cluster or distal EST cluster (Supplementary Table 1 ). Consistent with the promoter activity, the proximal transcript was only detected in hESCs and was extremely low to undetectable in EBOG and all somatic samples tested (Fig. 3a, top panel) . In contrast, the distal transcript could be detected in all cell types examined (Fig. 3a , bottom panel) and shows some variation in expression level between samples tested, although this may reflect differences in the cell type and passage of samples used.
Using Open Reading Frame Finder, available within the National Center for Biotechnology Information suite (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi), the largest potential ORF for any of the proximal transcript splice isoforms was 204 nucleotides, whereas for distal transcript splice isoforms, the longest ORF was 282 nucleotides. To determine if any of the short ORFs has any coding potential, the sequence of each isoform was entered into the CodingPotential Assessment Tool, software that can reliably determine if a sequence has coding potential (Wang et al. 2013) . None of the isoforms showed any coding probability using the standard default settings for human Fig. 3 Characterization of the DANT1 and DANT2 lncRNAs. a Graphs showing the expression of DANT1 (top) and DANT2 (bottom) lncRNA as determined by qRT-PCR in the various samples indicated. Primers used for qRT-PCR were contained within exon 1 of each gene amplifying a 57-or 100-bp amplicon, respectively (Supplementary Table 1 ). Data represents the mean of triplicate qPCR reactions, and error bars indicate standard deviation. qRT-PCR data is normalized to GAPDH levels and graphed relative to expression in a female hESC sample (H9). b Genomic interval chrX: 114,955,242-115,088,266 (hg19) showing the extent of repeat masked (RM) DNA, the location of all ESTs, and the RNA-seq data for the DXZ4 interval showing strand-specific sequencing for male hESC (H1), male umbilical vein endothelial cells (HUVEC), and female EBV transformed B-lymphocytes (GM12878) (Parkhomchuk et al. 2009 ). The location of the main DXZ4 array is represented at the top by the left-facing arrows, whereas the approximate location of inverted homologous DXZ4 monomers are represented by gray right-facing arrows. Sense-strand data is shown at the top, representing transcription from left to right, and antisense data is on the bottom, representing transcription from right to left. The "+" and "−" represent data from polyA+ and polyA− RNA sources, respectively. For each profile, the y-axis is from 0 to 300 reads sequences. Therefore, we conclude that these represent novel lncRNAs. We refer to the proximal promoter driven transcript as DXZ4-associated noncoding transcript, proximal (DANT1), and the distal promoter driven transcript as DXZ4-associated noncoding transcript, distal (DANT2).
Exon 2 of DANT2 EST BM925596 is located upstream of DANT1 exon-1 (Fig. 2a, b) , indicating that at least some DANT2 transcript completely traverses the DXZ4 tandem repeat and DANT1 transcriptional unit. To explore the DANT1 and DANT2 transcripts further, we examined publicly available next-generation strandspecific RNA sequencing datasets (RNA-seq) (Parkhomchuk et al. 2009 ), using the long RNA-seq track on the University of California Santa Cruz genome browser (http://genome.ucsc.edu/). The interval between DANT2 and DXZ4 is extensively repeat masked (Fig. 3b) , characterized primarily by long terminal repeats (LTR) and long interspersed elements (LINE) (Fig. 2a) , but a substantial proportion of the unique sequence is characterized by the presence of ESTs, indicating that the interval is extensively transcribed. Consistent with the qRT-PCR data (Fig. 3a) and promoter activity (Fig. 2d) , sense strand DANT1 RNA-seq reads are only detected for the hESC sample, with comparable levels of transcript detected from both the polyadenylated (+) and nonpolyadenylated (−) samples (Fig. 3b, H1 top panel) . As expected, DANT2 can be detected in all samples from the antisense strand, but in contrast to DANT1, it is almost exclusively from the nonpolyadenylated fraction (Fig. 3b, bottom panels) . Furthermore, RNA-seq reads corresponding to exon 2 of EST BM925596 can be detected upstream of the DANT1 promoter (see small peaks at the far-left of the H1 antisense profile in Fig. 3b) , supporting the existence of this transcript isoform. The distinct lack of mapped RNA-seq reads throughout the DXZ4 MSR, despite dense representation of transcripts by the EST clones, could reflect reads that map to multiple locations being discarded from the RNA-seq profile, consistent with most MSR appearing as gaps in profiles of nextgeneration sequence data tracks.
Validation of DANT1
The DANT1 RNA-seq profile suggests that like DANT2, this lncRNA generates an array-traversing transcript (ATT) with the longest DANT1 transcript entirely contained within, but antisense to, the longest predicted DANT2 transcript (Fig. 3b, H1 top panels) . Therefore, in order to validate these transcripts and the non-ATT annotated ESTs, we performed a series of RT-PCR analyses.
Initially, we performed RT-PCR with primers located in exons 1 and 3 of the short non-ATT EST CD173052 and confirmed the presence of this transcript in hESC (Fig. 4a, PCR-1) . The EST entry for CD173052 terminates with a polyA sequence that is not present in the corresponding genomic DNA locus, suggesting that this transcript is polyadenylated. Using oligo-dT primed 3′ rapid amplification of cDNA ends (RACE), we confirmed that this transcript is indeed polyadenylated and therefore terminates before the DXZ4 array (data not shown).
In order to determine if in addition to this short transcript, DANT1 also transcribes an ATT isoform as the RNA-seq profile suggests, we looked at annotated ESTs within the DANT1 RNA-seq profile on the distal side of DXZ4. We postulated that if those ESTs that overlap the (+)-strand RNA-seq profile are genuinely part of DANT1, then it should be possible to physically link these ESTs to the DANT1 promoter by RT-PCR using a primer anchored in the ESTs and a primer in exon 1 of DANT1. We focused on a cluster of 16 EST entries within a unique 3-kb region located 17 kb distal to the edge of the main DXZ4 array. This region shares extensive but inverted DNA sequence identity to DXZ4, including the promoter and CTCF site, and is well represented in the DANT1 and DANT2 RNA-seq profiles in hESC ( Supplementary Fig. 3a) . We performed RT-PCR with a forward primer anchored in exon 1 of DANT1 and a reverse primer anchored in this EST cluster. This RT-PCR confirmed that DANT1 does indeed generate ATT and identified two alternatively spliced isoforms that contain or do not contain the second annotated exon (Fig. 4a, PCR-2) . Therefore, we conclude that DANT1 produces both non-ATT and ATT transcript isoforms.
Validation of DANT2
Next, we sought to validate DANT2 and to determine if, like DANT1, it too produces both non-ATT and ATT isoforms. We started by attempting to validate the existence of DANT2-ATT by performing RT-PCR with a forward primer anchored in exon-1 and a reverse primer located in BM925596 exon-2, which is located upstream of the DANT1 promoter (Fig. 2b, c) . This transcript was readily detected in hESCs, validating the existence of DANT2-ATT (Fig. 4a, PCR-3 and PCR-6) . Interestingly, the RT-PCR resulted in several bands. These were TA-cloned and sequenced, revealing the existence of several novel spliced isoforms of DANT2-ATT, including one that spliced into the DXZ4 array itself ( Supplementary Fig. 3b, transcript-e) .
Notably, with the exception of exon 1, none of the DANT2-ATT isoforms included any of the exons contained in the other ESTs located in the distal interval RT-PCR, using the oligos described in Supplemental Table T1 . The "+" and "−" for each sample indicate with and without reverse transcriptase, respectively. Sample key: bone marrow (BM), cerebellum (CE), whole brain (WB), fetal brain (FB), fetal liver (FL), heart (HE), liver (LI), lung (LU), prostate (PS), salivary gland (SG), skeletal muscle (SM), spleen (SP), testis (TE), thymus (TH), trachea (TR), uterus (UT), colon (CO), small intestine (SI), spinal cord (SC), and stomach (ST). Each is an inverted image of an ethidium bromide stained gel. Molecular weight marker sizes are indicated to the left of each gel image and are in bp between the DANT2 promoter and the DXZ4 array (see BX642309, BC003645, and BE297956 in D-EST of Fig. 2a) . By RT-PCR, the existence of these spliced DANT2 transcripts were also validated (Fig. 4a , PCR-4 and 5).
Tissue distribution of DANT1 and DANT2 transcripts So far, these data indicate that both DANT1 and DANT2 generate ATT isoforms, that DANT1 also produces short polyadenylated non-ATT isoforms and that both lncRNAs show highly variable exon inclusion. Furthermore, since males are hemizygous for the X chromosome and both the DANT1 and DANT2 ATTs could be detected in the same male hESC sample, transcription is occurring in both directions across DXZ4. Whether this is occurring simultaneously or mutually exclusively in different cells cannot be determined from these experiments. In addition, some of the spliced isoforms contain exons that are overlapping but antisense to one another, such as the example shown in Supplementary Fig. 3a .
Given the heterogeneity in DANT1 and DANT2 transcripts, we extended our analysis to assess their existence in a panel of twenty different human tissues. The short DANT1 transcript that is readily detected in hESCs was of particularly low abundance and could only be confidently detected in prostate, testis, trachea, and spinal cord (Fig. 4b, DANT1-short) . In contrast, the ATT form of the DANT1 transcript could not be detected in any tissues (Fig. 4b, DANT1 -ATT) and is therefore hESC-specific. The DANT2 hESC validated transcript (Fig. 2a, PCR-4) , which includes an exon that is antisense to DANT1-ATT ( Supplementary Fig. 3a) , was only detected in cerebellum (Fig. 4b, DANT2-short) . Finally, DANT2-ATT was particularly abundant in nervous tissue (cerebellum, whole brain, fetal brain, and spinal cord), as well as a few other tissues. Therefore, even though qRT-PCR to exon 1 of DANT2 can be detected in all samples examined, the ATT form of DANT2 is not universal, indicating that DANT2 expression in the majority of tissues and cell types is non-ATT. Notably, transcription of DANT2 occurs from the same strand as the most abundant DXZ4 transcript (Chadwick 2008) . Therefore, even though each DXZ4 monomer contains a promoter, it is feasible that some proportion of DXZ4 transcript corresponds to unspliced DANT2-ATT. Given that DANT2 and the major DXZ4 transcript are being transcribed in the same orientation, it is also possible that expression of DANT2 and DXZ4 may be associated in some way, with the expression of one influencing the expression of the other. To begin to test this, we determined the expression of DXZ4 and total DANT2 in the 20 different tissues by qRT-PCR. Interestingly, in most tissues, the relative levels of DANT2 correlate well with the relative levels of DXZ4 ( Supplementary Fig. 4) , a preliminary observation that warrants further investigation. DANT1 and DANT2 lncRNA localization in hESCs and somatic cells Previously, we have shown that DXZ4 is primarily expressed from the Xa (Chadwick 2008; Tremblay et al. 2011) . To expand on these results in hESCs and evaluate the localization and allelic expression of the DANT1 and DANT2 lncRNAs, RNA FISH was performed in hESC and somatic cell lines. As anticipated based on the RT-PCR results, transcripts for DXZ4, DANT2 and DANT1, were readily detected in male (Fig. 5a ) and female ( Supplementary Fig. 5 ) hESC, but DANT1 could not be detected in male or female somatic cells (Fig. 5a ). In contrast, DANT2 and DXZ4 were obvious in all male and female samples. However, in females, only a single DANT2 and DXZ4 signal was detected, which was always in close proximity, suggesting that they originate from the same chromosome. RNA FISH to DXZ4 and XIST showed the two signals were spatially distinct, consistent with predominant expression of DXZ4 and DANT2 from the Xa (Chadwick 2008; Tremblay et al. 2011) . No RNA FISH signals could be detected if samples were first treated with RNaseA ( Supplementary Fig. 6a ), but the ability to detect DNA by FISH was unchanged ( Supplementary Fig. 6b ) indicating the specificity of the RNaseA treatment.
As described above, we validated the existence of ATT versions of DANT1 and DANT2 in hESC. Therefore, at least some nascent DANT1 and DANT2 transcripts overlap with DXZ4. Figure 5b indicates the location of the three direct-labeled probes that were used in the RNA FISH experiments described above, relative to the different DANT1 transcript isoforms, indicating that it is possible for the probes to be detected more than their intended transcript. Therefore, we examined closeup images of the RNA hybridization patterns for the different probe combinations. In three independent hESC cell lines, we consistently found that DANT1 and DANT2 signals were physically close to one another, but rarely overlapped (Fig. 5c) . Likewise, DANT1 (Fig. 5d ) and DANT2 signals (Fig. 5e) were physically close to DXZ4 transcripts, but with limited signal overlap. We extended this analysis to examine the spatial distribution of DANT2 and DXZ4 transcripts in somatic cells. DANT2-ATT is restricted to hESCs and a limited number of tissues (Fig. 4) and cannot be detected in the cells examined (data not shown), thus we expect to only detect the expressed DANT2-short non-ATT isoform. Similar to what was observed in hESC, the DXZ4 and DANT2 signals were physically close with limited overlap (Fig. 5f) . Therefore, even though the transcriptional units of the DANT1, DANT2, and DXZ4 loci overlap, their transcripts appear to be clustered and highly localized, but predominantly spatially separate.
Differentiation-associated chromatin change at the DANT1 promoter DANT1 expression is shut down as DXZ4 gains H3K9me3 and loses 5-hmC. Therefore, it is conceivable that the DANT1 lncRNA is linked to changes in DXZ4 chromatin. We sought to evaluate differences in chromatin at the DANT1 promoter in male and female hESC, their EBOG derivatives, and somatic cells by qChIP using three sets of primers clustered around exon 1 (Fig. 6a) . We found elevated levels of CTCF downstream of exon 1 in hESC that is largely absent in both EBOG and somatic cells (Fig. 6b) . Given that DANT1 expression is lost upon differentiation, we reasoned this would be accompanied by acquisition of heterochromatin. Low levels of H3K9me3 can be observed at the DANT1 promoter in hESC that are similar to those seen in somatic cells, suggesting that silencing is unlikely to be mediated by H3K9me3, even though levels are slightly higher in EBOG (Supplementary Fig. 7) . However, the Polycomb repressive complex 2 (PRC2) is a common form of differentiation associated gene silencing, characterized by a gain of the repression associated modification H3K27me3 catalyzed by the PRC2 complex subunit Enhancer of Zeste 2 (EZH2) [reviewed in (Cao and Zhang 2004) ]. We found that EZH2 is recruited to the DANT1 promoter in male and female EBOG and coincided with a gain in H3K27me3 (Fig. 6b) . H3K27me3 was also a feature at the DANT1 promoter in male and female somatic cells, albeit at a lower level than that observed in EBOG (Fig. 6b) . However, EZH2 was not obvious at DANT1 in somatic cells despite the presence of H3K27me3, the explanation for which is not immediately apparent. One potential interpretation of these data is that EZH2 association at the DANT1 promoter is transient in somatic cells, and therefore less readily detected.
Consistent with these observations, publicly available H7 hESC Chip-seq data for histone H3 tri-methylated at lysine 4 (H3K4me3), a marker for actively transcribed promoters (Santos-Rosa et al. 2002; Schneider et al. 2004) , shows a broad peak around exon-1 of DANT1 (Consortium EP et al. 2012 ). This signal diminishes over a 2-week period as the cells are differentiated (Fig. 6c, top  dataset) . Furthermore, this peak is specific to hESC, while EZH2 and H3K27me3 are restricted to differentiated cells (Fig. 6c, bottom dataset) . In contrast, and consistent with its continued expression, H3K4me3 at the DANT2 promoter is not lost upon hESC differentiation (Fig. 6d , top dataset), although the signal does weaken, which may reflect the fact that the Xi allele is silenced upon differentiation (Fig. 5) reducing the signal by 50 %. Furthermore, H3K4me3, but not EZH2 or H3K27me3, is a feature of the DANT2 promoter in hESC and somatic cells (Fig. 6d) consistent with the ubiquitous expression of this lncRNA.
Discussion
The organization of chromatin at MSRs in hESC is unknown. Here, we describe our analysis of the Xlinked MSR DXZ4 and report the identification of two novel lncRNAs. We found low levels of the euchromatic marker H3K4me2, and the absence of the repressive histone modification H3K9me3 characterizes DXZ4 in male hESC. Additionally, we observed low levels of 5-hmC intermingled with high levels of 5-mC. In mESC and hESC, 5-hmC is mostly associated with euchromatin and is primarily a feature of active promoters, enhancers, and gene bodies (Ficz et al. 2011; Stroud et al. 2011; Szulwach et al. 2011a ). The levels of 5-hmC that we detected are consistent with those reported by singlebase resolution analysis for transcription start sites (TSS) (Booth et al. 2012; Yu et al. 2012) , as is its coexistence with regions of 5-mC enrichment (Booth et al. 2012; Yu et al. 2012) . Given that the interval analyzed covers the internal DXZ4 promoter (Chadwick 2008) , and that DXZ4 transcription can be detected in hESCs, the 5-hmC we observed may reflect proximity to the DXZ4 TSS. Alternatively, the low levels of 5-hmC and high levels of 5-mC are also in agreement with levels reported at intragenic sites (Yu et al. 2012) , which is consistent with the fact that in hESC DXZ4 is completely contained within the transcriptional units of the DANT1 and DANT2 lncRNAs.
Differentiation of hESC is results in the loss of 5-hmC at DXZ4, accompanied by a decrease in H3K4me2 and a distinct gain of H3K9me3. These data indicate that acquisition of the constitutive heterochromatin state at DXZ4, seen at the MSR in males and at the female Xa allele in somatic cells (Chadwick 2008) , is developmentally regulated. Intriguingly, change to DXZ4 chromatin is accompanied by alterations in the transcription of two novel flanking lncRNAs. The first lncRNA, DANT1, originates immediately proximal to DXZ4, and consists of alternatively spliced polyadenylated and nonpolyadenylated transcripts that terminate either prior to entering the MSR (DANT1-short) or on the opposite side of the array (DANT1-ATT). While very low levels of DANT1-short can be detected in some tissues, high levels of this isoform and expression of DANT1-ATT are unique to hESC. Consistent with these data, the silencing of DANT1 is accompanied by recruitment of EZH2 to the promoter in differentiating hESC and deposition of the repressive histone modification H3K27me3 (Cao et al. 2002; Plath et al. 2003) .
The second lncRNA, DANT2, originates 80 kb distal to DXZ4 and is primarily nonpolyadenylated. Like DANT1, DANT2 is abundant in hESC, but the activity of its promoter is not developmentally regulated as DANT2 continues to be transcribed in a wide variety of somatic cell and tissue types. However, while differentiation does not appear to alter promoter activity, isoforms of the transcript are impacted. DANT2-ATTs splice to an exon immediately upstream of the DANT1 promoter and are readily detected in hESC, but not in EBOG (data not shown) or most tissues examined. The most notable exception is nervous tissue where the DANT2-ATT is readily detected. Given that constitutive heterochromatin is acquired at DXZ4 on differentiation, it is conceivable that this blocks DANT2 transcription across DXZ4 in those cell types that lack this transcript. Therefore, the detection of DANT2-ATT in some somatic cell types suggests that perhaps the chromatin state of DXZ4 differs in these tissues. Given that 5-hmC is more abundant in the central nervous system (Globisch et al. 2010) , 5-hmC may be a characteristic of DXZ4 in nervous tissue. Therefore, the chromatin of the MSR may more closely resemble what was observed in hESC and reflect a role for DANT2 and DXZ4 in these tissues.
Interestingly, analysis of spliced isoforms of DANT1 and DANT2 revealed significant heterogeneity in exon content. With exception of exon 1 of both transcripts and exon 3 of the DANT1-short isoforms, few exons are common to the different DANT1 and DANT2 isoforms detected. Perhaps this reflects opportunistic splicing, whereby inclusion of an exon occurs if a suitable splice donor and acceptor are present in the primary transcript, while inconsistent inclusion would reflect poor matches with other sequence elements involved in splicing, reducing the overall frequency of retention in the various isoforms. The variable splicing may also suggest that the act of transcription at this locus is potentially more important than the RNA product itself.
Pairwise alignment of the genomic interval around DXZ4 revealed that in addition to the main homogenous tandem repeat, many regions distal to the MSR share high sequence identity to DXZ4 but are inverted relative to the array. Despite differences in their transcription, the inverted promoters of DANT1 and DANT2 also share high sequence identity, suggesting that they are derived from a common ancestral sequence. Presumably, the ubiquitous expression of DANT2 and the hESC-specific transcription of DANT1 is encoded Fig. 6 Chromatin organization and dynamics around the DANT1 and DANT2 promoters. a Schematic map of the DXZ4 interval indicating the relative location of the DANT1 promoter. Immediately below this, the DANT1 region is expanded, corresponding to 114,956,035-114,959,533 bp of chromosome X (hg19) and the location of the short DANT1 EST (CD173052) and DANT2 ATT exon (BM925596-Ex2) are indicated. Inverted arrowheads correspond to the location of qChIP primer sets I (F1.R1), II (F2.R2), and III (F3.R3). b qChIP data for CTCF, EZH2, and H3K27me3. Each is graphed as a percent of input and is the mean of triplicate qPCR reactions. Error bars indicate standard deviation. Female (46,XX) datasets are on the left with male (46,XY) on the right. For each ChIP target, the top row shows data for female (H9) and male (H1) hESCs, middle row for female (RPE1) and male (BJ1) somatic cells, and bottom row for EBOGs derived from the corresponding hESCs. c A map showing the location of DANT1 short EST (CD173052) and DANT2 ATT (BM925596-Ex2) corresponding to 114, 956, 959 ,451 bp of the X chromosome (hg19) is shown at the top. Immediately beneath this is publicly available H3K4me3 ChIP-seq data for H7 hESCs (46,XX hESC) prior to (day 0) and at various days post-differentiation (days 2-14) (Consortium et al. 2012) . Below this is publicly available ChIP-seq data from the same interval for EZH2, H3K4me3, and H3K27me3 in male H1 (hESC) and male HUVEC somatic (SOM) cells (Consortium et al. 2012) . d As in c above, but for DANT2 and interval 115,083,137-115,086,987 of the X chromosome (hg19) where the two promoters differ. The arrangement of promoters flanking DXZ4 differs substantially from what we have previously reported for the mouse homolog of the MSR (Horakova et al. 2012a ). Mouse Dxz4 is also characterized by an uninterrupted tandem repeat, but the MSR is much smaller than its human homolog due to the inclusion of fewer repeat units. Although both Dxz4 and primate DXZ4 are expressed (Chadwick 2008; McLaughlin and Chadwick 2011; Tremblay et al. 2011) , Dxz4 lacks an obvious promoter element within the repeat units. Instead, a single promoter is located distal to the array driving an ATT that terminates on the proximal side of the mouse MSR (Horakova et al. 2012a) . Like DANT2, this transcript splices into an exon contained within a Dxz4 monomer and similar to both DANT1 and DANT2, various Dxz4 isoforms can be detected. Potentially, the massive expansion of the MSR in primates involved a duplication and inversion event after the diversion of the rodent and primate lineages, and as the DANT1/2 promoter sequences diverged, DANT1 acquired ES specificity.
The transcriptional unit of the DANT1-ATT is entirely contained within the transcriptional unit of the DANT2-ATT, and DXZ4 is embedded within both. Due to the orientation of the promoters, transcription of DANT1 and DANT2 converge. As transcript for both can be detected at the same allele, the possibility of double-stranded RNA (dsRNA) exists in hESCs. However, RNA FISH indicates that, while physically close, the transcripts are spatially distinct. Furthermore, while dsRNA is a conserved trigger of heterochromatin formation (Castel and Martienssen 2013) , here constitutive heterochromatin formation at DXZ4 is coupled with the apparent loss of bidirectional transcription across the MSR, suggesting that dsRNA may not play a role.
In conclusion, similar to the FSHD-associated MSR (Cabianca et al. 2012) , we have identified two novel lncRNAs associated with DXZ4; therefore, lncRNAs may be common to MSRs in general. Given that the D4Z4-associated lncRNA impacts the chromatin state of the FSHD MSR, it is conceivable that DANT1 and/or DANT2 play some role in modulating the developmental regulation of chromatin at DXZ4. Silencing of DANT1 by PRC2 is differentiation dependent and coincides with a gain of constitutive heterochromatin at DXZ4. Therefore, DANT1 is a suitable candidate to determine if this lncRNA is mechanistically linked to the state of chromatin at the MSR. Since males are hemizygous for DANT1/DXZ4 and differentiation of male hESC results in gain of constitutive heterochromatin at the MSR, these are a suitable model cell type in which to investigate the underlying molecular mechanisms involved in assembly of H3K9me3 chromatin at large tandem repeat DNA, and the potential role of lncRNA in heterochromatin formation.
